].
RESULTS AND DISCUSSION
The Arabidopsis stomatal lineage ( Figure 1A ) utilizes membrane-associated polarized proteins like BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) [8, 9] and its interaction partner BREVIS RADIX LIKE 2 (BRXL2) [12] to generate physical and fate asymmetries during divisions. Stomatal distribution in the epidermis is regulated in part by the locally acting signal peptides EPIDERMAL PATTERNING FACTOR1 and 2 (EPF1/2), secreted by stomatal guard cells and their precursors, and sensed through receptor-like kinases of the ERECTA family (ERf) with co-receptor TOO MANY MOUTHS (TMM) [10, 13] . This intra-lineage chemical signaling has two known activities: EPF2 suppresses divisions, through inactivation of the key transcription factor SPEECHLESS [14, 15] , and EPF1 guides division orientations [16] , potentially by influencing the placement of BASL crescents relative to existing stomatal complexes [8] . Despite their established role in stomatal lineage cell identity and pattern, oriented cell divisions have mostly been considered in isolation [6-9, 17, 18] . The stomatal lineage, however, in producing 80% of all epidermal cells, generates not just stomata but also most pavement cells; together these lineage products dominate the leaf surface [19] . Growth of the epidermis, in turn, drives overall leaf growth and shape [20, 21] . This points to a large gap in our understanding of leaf development. How do polarities of individual cells and local neighborhoods behave in the context of the entire leaf? Is overall leaf polarity the cause or consequence of many individual polarities?
By monitoring fluorescently tagged cortical polarity proteins ( Figure 1B ), we could investigate whether polarity is strictly a local phenomenon or if and how cues from a broader cellular neighborhood, or even the whole tissue, influence it. We monitored BRXL2p:BRXL2-YFP (BRXL2-YFP), whose cortical position is coincident with BASL in all measured circumstances [12] but whose lack of nuclear localization simplifies imaging. We analyzed polarity orientation of all BRXL2-expressing meristemoid mother cells (MMCs) in reference to the leaf midline (the proximal-distal axis), and we termed the resulting angle a (Figure 1C) . As BRXL2 resides in its location for several hours, a reflects the original positioning of BRXL2 in pre-division MMCs, even when measured post-division ( Figure 1B ; Movie S1). In first true leaves at 7 days post-initiation (dpi), MMCs showed a median a of 22 for the left and À23.5 for the right side of the leaf, matching the bilateral symmetry of the leaf (Figures 1D , S1A, and S1C). This tissue-wide polarity bias hints at a link between cell polarity and aspects of the global organ architecture like symmetry and shape. When we analyzed BRXL2 orientation in more circular 4-dpi cotyledons [22] , we found that a was indeed more broadly distributed ( Figures 1F and  S1D) . Computational growth models show that, at early developmental stages, the rate of expansion is high in the leaf base and the growth orientation is mostly longitudinal (parallel to the midvein), whereas toward the distal tip of the leaf these trends are less stereotyped [5] . Interestingly, a trends behaved in a similar way. Cells near the base oriented BRXL2 almost parallel to the midline (seen as small angles in Figure 1E , purple graph), but the bias in the middle and tip regions was lost ( Figure 1E , blue and yellow graphs). No such gradient was seen in the midveinto-leaf margin direction ( Figure S1B ).
To analyze the relationship between polarity orientation and epidermal growth dynamics at single-cell resolution, we imaged first leaves of 6.5-dpi seedlings expressing the plasma membrane marker pML1:mCherry-RCI2A (PM-RFP) and BRXL2-YFP for 17 hr, and we analyzed the magnitude and principal direction of cellular growth using MorphographX [23] . During our experiment, small stomatal lineage cells in lateral areas could more than double their size, though the high absolute area increase of large midline cells had the bigger impact on global leaf growth (Figures 2A and 2B ). We further calculated the and a (n = 33 cells from three individuals).
We conclude that BRXL2 is in the position to define growth orientation in MMCs [5] . It is still unclear how, especially near the base of the leaf, multiple MMCs co-align their BRXL2 orientations. Although EPF-mediated signaling has been proposed to orient cell divisions [16] , this did not appear to be the defining mechanism at the leaf base, because global co-orientation of BRXL2 in a tmm background, which fails to perceive EPFs, was very similar to wild-type (Figure S4E ). It could be that the relationship between growth and polarity works in both directions, i.e., a cell's BRXL2 polarity orientation could be defined by the growth direction of neighboring cells, potentially facilitated by cellular mechanics.
Differences in growth rate lead to mechanical tension between attached cells, influencing cytoskeletal organization, cell wall composition, and the orientation of polarized PIN proteins in various plant tissues [3, [24] [25] [26] [27] [28] [29] [30] . We performed ablations to change the mechanical stress environment in predictable ways [26, 29, 31] , and we monitored BRXL2 polarity and orientation responses. Cellular responses to the circumferential stress pattern predicted to result from a small circular ablation can be detected, for example, by the reorientation of cortical microtubules in bordering cells [27, 29, 32] . Fine tungsten needles (1-mm tip size) were used to ablate 5-20 cells near the base of 7-dpi first true leaves ( Figure 3A, upper panel) , and we analyzed cell dimensions and BRXL2 orientation 16 hr post-ablation, a time frame that ensured most measured cells had established BRXL2 crescents after the ablation. BRXL2-YFP orientation measured relative to the ablation site was termed a A ( Figure 3A , lower panel).
Interestingly, in intact cells that directly bordered the ablation site (pink, Figure 3B ), BRXL2 was polarized to the wall facing toward the ablation (small a A , Figure 3C ), though PM-RFP did not re-localize ( Figure S2B ). In the rings of cells more distant from the ablation (yellow and blue, Figure 3B ), a A assumed a widening range of values, consistent with models showing that the degree of mechanical stress derived from a wound decreases with distance [26, 29] . BRXL2 reorientation toward the ablation site appears to be novel; in the shoot apical meristem, PIN1 protein reorients to the wall facing away from the ablation site [3] , and the only PIN member highly expressed in meristemoids, PIN3, is not polarized [33] .
Adding time-lapse imaging subsequent to ablation allowed us to monitor BRXL2 in cells near ablations as they experienced stress over time [30, 34] . Presuming that the direction of maximal stress is oriented circumferentially around the wound [29] , newly expressed BRXL2 always (ten cells from three individuals) oriented to the wall facing toward the ablation site ( Figure 3D ; Movie S2). Ablations can also result in local cell shape changes; however, we did not detect a preference for BRXL2 localization to any specific direction or degree of curvature ( Figure S2C ).
For a direct assessment of the relationship between BRXL2 orientation and mechanical stress without wounding, we applied stretch forces to whole cotyledons. We adapted an elastomerbased method used widely in animal and microbial mechanobiology experiments [35] to apply a one-dimensional stretch of experimenter-determined intensity. Cotyledons of intact 4-dpi seedlings were affixed to elastic strips using medical adhesive applied to the adaxial surface, and the whole strip was stretched for 7 hr, forcing the cotyledons into an elliptical shape ( Figure S3C ). After the stretch treatment, the elastomer strips were relaxed, the attached cotyledons returned to their original shape, and they were immediately imaged. BRXL2 orientation was measured in abaxial cotyledons whose stretch was increased in 20% increments from 0% to 60% of original strip length ( Figure 3E ). a trends redistributed toward the principal direction of stretch (90 ) as the intensity of the stretch increased ( Figures 3F and 3G ). Distributions of a were compared for all applied stretch intensities, and the distributions were significantly different between high stretch and unstretched ( Figure S2A ). These results demonstrate that BRXL2 crescents follow the direction of maximal tensile stress derived from local and tissue-wide mechanical cues, although monitoring BRXL2 orientation after the stretch was released may underestimate the magnitude of the BRXL2 response.
The coordination of cellular growth in the context of whole organ development is still an emerging field; however, recent progress has been made using sepals [24, 25] , where a mechanical feedback loop involving microtubule-mediated responses controls growth at the tip [24] . Using mutants or drugs to alter microtubule dynamics is a common way to probe the impact of mechanical forces on cell growth [27, 32, 36, 37] . Transferring these established techniques to the leaf epidermis allowed us to extend tests of mechanical signaling to questions of cell polarity and patterning. In 7-dpi leaves deficient in the microtubulesevering protein KATANIN (atktn1) [36, 37] , BRXL2 expression and polarity were intact, however, a orientation failed to show a clear trend (Figures 4A and 4B ). To test whether this was likely due to a microtubule effect or a consequence of other atktn1 phenotypes (e.g., rounder leaves, Figure S4B ), we destabilized microtubules with oryzalin. Under conditions in which no microtubule filaments were visible ( Figures 4C, 4E , and S4D), BRXL2 was still polarized and, moreover, oriented around an ablation site ( Figure 4C ). This suggested that cortical microtubules were not serving as an intermediary between mechanics and BRXL2 orientation. BRXL2 expression correlates with times in the cell cycle when microtubules are typically in pre-prophase band (PPB) or spindle structures. We therefore simultaneously imaged BRXL2 and microtubule (TUA5-mCherry) dynamics in dividing MMCs. Typically, polarized cortical BRXL2 was detected 1-2 hr before the first signs of PPB formation ( Figures 4G and 4H ) and even longer before spindle formation, indicating that BRXL2 is unlikely to follow a cue from these other microtubulebased structures. BRXL2 orientation is responsive to mechanical information, but orientation trends in different parts of the epidermis ( Figure 1E ) require us to consider the interactions between mechanics and stomatal lineage signaling. Neighbor cells can influence BASL and BRXL2 orientation through receptorligand signaling. To identify regions in the leaf where mechanical or stomatal lineage peptide signaling prevails for BRXL2 orientation, we combined genetics with mechanical stress perturbations. Ablations performed in tmm, where stomatal lineage ligand-receptor signaling is disabled, indicated that mechanoresponsive BRXL2 orientation can still occur ( Figure S4C ). In a wild-type leaf, however, ligand-receptor signaling may override mechanical signaling. EPF1 is active in determined stomatal lineage cells and can influence BASL orientation in neighboring MMCs [8, 16] . The share of EPF1-expressing cells in each third of the leaf increases toward the distal end of the leaf (Figures 4I  and 4J ). Here we hypothesize that local peptide-based signaling is the dominant influence on a. In support of that hypothesis, cells that are in direct conflict between mechanical stress and EPF1-based signals (between an ablation site and a guard mother cell [GMC] or guard cell [GC] pair) almost exclusively polarized toward the GMC or GC pair (14 of 15 cells from eight seedlings). The anatomy of the leaf, a base consisting of a relatively wide midvein and narrow blade, places many MMCs in close proximity to highly anisotropically growing midline cells, which would generate mechanical stress in neighboring MMCs and, thereby, guide BRXL2 polarity ( Figure 4A ). In the middle part of the leaf, blade width increases through the activity of the stomatal lineage, thereby both decreasing the influence of the midvein and increasing the potential for intra-lineage (local) influences. The slowdown in cellular expansion coupled with the large proportion of EPF1-expressing, late-stage stomatal lineage cells near the distal leaf tip further changes the influence on BRXL2 polarity orientation away from global mechanical signals to local chemical signals.
Links between mechanical forces and cell polarity appear across biology; in the Drosophila wing, disc planar cell polarity (PCP) proteins coordinately reorient in line with stress patterns induced by hinge contraction [4] , and, in Dictyostelium cells, mechanical stimulation can reorganize the actin cytoskeleton and alter polarity [1] . Here we demonstrate that, during leaf growth, mechanical stress can be linked to cell polarity and division. We show that in addition to the well-known influence of small peptides released and sensed by stomatal lineage cells, mechanical forces guide the orientation of cell polarity in the leaf epidermis. Markers of cortical polarity in individual cells and in cellular neighborhoods align in stereotyped patterns following mechanical stress signals derived from growth dynamics within the tissue, particularly in the leaf base. These markers are oriented prior to both the establishment of asymmetric divisions and the direction of cellular outgrowth in MMCs, leading to the potential for coordinated and self-organizing tissue growth. 
